Abstract It is well known that proinflammatory cytokines produced by host cells play an important role in periodontal tissue destruction. However, the localization of the cytokines in in vivo periodontal tissues during development of periodontal disease has not been determined. Immunohistochemical expression of proinflammatory cytokines including IL-1α, IL-1β, and TNF-α was examined at 1 and 3 h, and 1, 2, 3, and 7 days after topical application of lipopolysaccharide (LPS; 5 mg/ml in physiological saline) from E. coli into the rat molar gingival sulcus. In the normal periodontal tissues, a small number of cytokine-positive epithelial cells were seen in the junctional epithelium (JE), oral sulcular and oral gingival epithelium, in addition to macrophages infiltrating in the subjunctional epithelial area and osteoblasts lining the alveolar bone surface. Epithelial remnants of Malassez existing throughout periodontal ligament were intensely positive for IL-1β but negative for the other two cytokines. At 3 h after the LPS treatment, almost all cells in the JE were strongly positive for the cytokines examined. In addition, several cytokine-positive cells, including neutrophils, macrophages, and fibroblasts, were seen in the subjunctional epithelial connective tissue. At day 2, expression of the cytokines in the JE gradually decreased, while cytokine-positive cells in the connective tissue increased in number. Positive staining of the cytokines was seen in osteoclasts and preosteoclasts which appeared along the alveolar bone margin in this period. The number of cytokine-positive cells decreased by day 7. These findings indicate that, in addition to macrophages, neutrophils, and fibroblasts, the JE cells are a potent source of TNF-α, IL-1α, and IL-1β reacting to LPS application, and suggest that JE cells may play an important role in the first line of defense against LPS challenge, and the proinflammatory cytokines transiently produced by various host cells may be involved in the initiation of inflammation and subsequent periodontal tissue destruction.
Introduction
Lipopolysaccharide (LPS), a major component of the outer membrane of gram-negative bacteria, induces the synthesis of cytokines such as interleukin-1 (IL-1; Lindemann et al. 1988; Garrison and Nichols 1989; McFarllane et al. 1990 ) and tumor necrosis factor (TNF; Lindemann et al. 1988; McFarllane et al. 1990 ) from macrophages, fibroblasts, and endothelial cells. These cytokines appear to play a central role in the pathogenesis of inflammatory periodontal diseases. Since these cytokines cause various tissue responses, such as activation of macrophages, induction of prostaglandin and/or collagenase from host cells and resorption of bone by osteoclasts, the cytokines derived from the various host cells in response to LPS is believed to act not only for host defense but also for periodontal tissue breakdown in plaque-associated periodontitis (Page 1991; Howell 1996; Okada and Murakami 1998) .
In previous studies, we have used an experimental model in which initial periodontal tissue destruction is provoked by topical application of LPS from Escherichia coli into the rat gingival sulcus (Ijuhin 1988; Ijuhin et al. 1992; Takata et al. 1997; Miyauchi et al. 1998 ). In-filtration of polymorphonuclear leukocytes and macrophages, vascular dilatation, and inflammatory edema in the subepithelial gingival connective tissue (Ijuhin 1988) , enhancement of collagen phagocytosis by periodontal ligament fibroblasts (Ijuhin et al. 1992) , and stimulation of osteoclastic bone resorption (Ijuhin 1988) were observed in this animal model. Furthermore, we reported transient accumulation of exudative macrophages in the subjunctional epithelial area with the maximum level at day 2 and suggested that cytokines released from transiently accumulated exudative macrophages may cause various histological changes in the periodontal tissue, especially the increase of osteoclasts after 3 days (Miyauchi et al. 1998) . Recently, it has been accepted that periodontal disease progresses by recurrent acute episodes (Goodson et al. 1982; Socransky et al. 1984) . Although the typical B-cell lesion observed in human marginal periodontitis did not develop in our animal model, we believe that this animal model permits the elucidation of the possible pathway linking plaque-associated bacteria with the periodontal tissue destruction during an acute inflammatory episode.
The aim of this study was to demonstrate immunohistochemically the dynamic changes of in vivo expression of IL-1α, IL-1β, and TNF-α in rat periodontal tissues after topical application of LPS into the gingival sulcus. Roles of the cytokines in periodontal tissue destruction are discussed.
Materials and methods
A total of 21, 7-week-old (about 190 g), male Wistar strain rats were used in this study. They were divided into seven groups of three rats each. Under intraperitoneal anesthesia with 20% ethyl carbamate (100 mg/100 g body weight), a rat was fixed on his back on an experimental stand. A cotton roll (2 mm in diameter and 1 cm in length) saturated with 5 mg/ml LPS from E. coli (Sigma Chemical, St. Louis, Mo., USA) in sterile physiological saline (Otsuka Med., Tokyo, Japan) was placed on the occlusal plane of the right and left upper molars for 1 h. The cotton roll was changed every 20 min. Three rats each were killed at 1, or 3 h, or 1, 2, 3, or 7 days after the LPS treatment by an overdose of ethyl ether. The remaining three rats were used as an untreated control group. The experimental protocol was approved by the animal care committee of Hiroshima University.
Tissue samples were resected en bloc from the right and left upper molar regions, fixed for 8 h in a periodic-lysine paraformaldehyde solution (4% paraformaldehyde, 0.01 M NaIO 4 , 0.075 M lysine in 0.05 M phosphate buffer, pH 7.4) at 4°C, and washed serially in graded phosphate buffers containing 5-20% sucrose (Watanabe et al. 1983 ). The specimens were cut into two slices which included the first or second molar, respectively, at the buccopalatal plane parallel to each distopalatal root. They were then decalcified in a 10% ethylenediaminetetraacetate solution in a 1 mM phosphate-buffered saline (PBS; pH 7.4) for 5 days at 4°C. The decalcified tissue blocks were embedded in OCT compound (Tissue Tec; Miles Scientific, Naperville, Ill., USA). Serial frozen sections (8 µm thick) parallel to the long axis of the tooth, including root apex, were cut and collected on glass slides.
The following immunostaining was carried out using a Dako-LSB2 kit (Dako, Carpinteria, Calif., USA). After washing in PBS each section was incubated with a normal goat serum for 30 min at 4°C and then with polyclonal antibodies to cytokines for 24 h at 4°C in a humid atmosphere. Antibodies to TNF-α, IL-1α, and IL-1β (Genzyme Diagnostics, Cambridge, Mass., USA) were diluted in 1 mM PBS containing 5% normal rat serum to 1/2000, 1/2000, and 1/50, respectively. The polyclonal antibodies used in this study and their specificity (Pelletier et al. 1993; Martin et al. 1995; Teti et al. 1995) are listed in Table 1 . After rinsing with PBS, the sections were incubated with a biotinylated rabbit anti-mouse IgG serum containing 5% normal rat serum for 30 min. The sections were rinsed in PBS and immersed in 0.3% hydrogen peroxide in PBS to block the endogenous peroxidase activity for 1 h. The sections were rinsed with PBS, incubated with the peroxidase-conjugated streptavidin for 30 min, and rinsed with PBS again. The color was developed with 0.025% 3,3′-diaminobenzidine tetrahydrochloride in TRIS-HCl buffer plus hydrogen peroxide (Kyowa Medics, Tokyo, Japan). The specimens were counterstained with Mayer's hematoxylin, dehydrated, and then mounted.
Staining specificity was ascertained by: (1) omission of primary antisera and (2) substitution of primary antisera with non-immunized normal rabbit serum.
Results
Untreated control gingival and periodontal tissues TNF-α-positive cells were detected in the coronal half of junctional epithelium (JE). The number of positive cells and intensity of the immunoreactivity increased in an apicocoronal direction and were maximal in the superficial layer, which faced the tooth surface and gingival sulcus (Fig. 1A) . Weakly positive reactions for TNF-α were partially seen in oral gingival epithelium (OGE) and oral sulcular epithelium (OSE). In the gingival connective tissue, a small number of macrophage-like cells stained positively for TNF-α (Fig. 1A) . Osteoblasts lining the outer surface of alveolar bone crest were weakly stained for TNF-α (Fig. 1B) . Positive reactions for IL-1α and IL-1β were seen in a small number of cells of OGE, OSE, and the coronal half of the JE ( Fig. 2A ) and in osteoblasts (Fig. 2B) . Especially, the superficial layer of the coronal half of the JE was strongly positive for IL-1α and IL-1β ( Fig. 2A) . In addition, IL-1α-and IL-1β-positive macrophages Anti-human TNF-α (IP-300) Recombinant human TNF-α Human and rat TNF-α Genzyme Diagnostics (Martin et al. 1995) Anti-mouse IL-1α Recombinant mouse IL-1α Mouse and rat IL-1α Genzyme Diagnostics (Teti et al. 1995) Anti-human IL-1β Recombinant human IL-1β Human, mouse and canine IL-1β Genzyme Diagnostics (Pelletier et al. 1993) ( Fig. 2A) were occasionally seen in the subjunctional epithelial area. Epithelial remnants of Malassez were unreactive for TNF-α (Fig. 1A) and IL-1α, but they showed intensive staining for IL-1β (Fig. 2B ).
LPS applied gingival and periodontal tissues LPS enhanced TNF-α expression in gingival tissue at 1 h. In the gingival epithelium, many epithelial cells were strongly positive for TNF-α with a peak at 3 h (Fig. 3A) . Especially in JE, the superficial layer was consistently positive for TNF-α and numerous TNF-α-positive cells were observed in deeper layers. TNF-α-positive cells were also detected in OSE and OGE located near the gingival sulcus. In this period, neutrophils infiltrated into the JE and its subepithelial area, and macrophages and most of the fibroblasts in the connective tissue subjacent to the JE were also positive for TNF-α (Fig. 3A) . The expression pattern of IL-1α (Fig. 3B) and IL-1β (Fig. 3C ) in the gingival tissue was similar to that of TNF-α. The staining intensity of IL-1α and IL-1β in the gingival fibroblasts was remarkably weak compared to that of TNF-α.
After 1 day, intensive staining for TNF-α, IL-1α, and IL-1β in the JE was still observed and the area of gingival connective tissue with cytokine-positive cells spread in a more apical direction.
Two days after the LPS application, the expression of TNF-α (Fig. 4A) , IL-1α, and IL-1β in the JE was gradually reduced especially in the apical part of the JE. In the subjunctional epithelial area, however, the TNF-α-expressed macrophages and gingival fibroblasts was increased. The expression of TNF-α in macrophages and gingival fibroblasts was enhanced. TNF-α-positive fibroblasts and osteoblasts were seen not only in the crestal area, but also in deeper regions of the periodontal ligament (Fig. 4B) . TNF-α was also expressed in osteoclasts and preosteoclasts that increased along the alveolar bone margin in this period. Such expression of proinflammatory cytokines in the periodontal tissues was maintained until 3 days after LPS application and then declined. At 7 days, the number of the cytokine-positive infiltrating and resident cells in the periodontal tissues was decreased to a level similar to that of untreated controls.
Intense staining in epithelial remnants of Malassez was constantly observed throughout the experimental period.
No immunoreactivity was observed in the negative control specimens, which were treated with PBS or were substituted by non-immunized normal rabbit serum for each antibody.
Discussion
In the present study, we used LPS from E. coli to provoke initial periodontal tissue destruction. It is well known that biological activities of LPS are different among bacterial species, but it is evident that LPS from Actinobacillus actinomycetemcomitance, which is one of principal periodontal pathogens, is similar to E. coli LPS and shares numerous biological activities on the host cells with E. coli LPS. To avoid the periodontal tissue destruction caused by the application method itself, we used a cotton roll applicator saturated with the LPS solution.
We could successfully demonstrate the immunohistochemical localization of proinflammatory cytokines in rat periodontal tissue using commercially available antibodies. We have preliminarily examined the crossreactivity of these antibodies and detected positively stained monocytes and macrophages in the rat spleen and bone marrow tissues (data not shown).
In the normal periodontal tissues, we observed that a small number of macrophages, osteoblasts on the alveolar bone surface, and scattered gingival epithelial cells were weakly stained for TNF-α, IL-1α, and IL-1β. In addition, the coronal half of the JE, especially in superficial layers, was strongly positive for these cytokines. Using ELISA of gingival tissue extracts, Stashenko et al. (1991) reported that these cytokines were detected in clinically healthy gingival tissues, although their concentrations were relatively lower than those in inflamed gingiva. Immunohistochemically, IL-1α-, IL-1β-, and TNF-α-positive cells seemed to be macrophages present in the lamina propria of normal human gingival tissue (Jandinski et al. 1991; Stashenko et al. 1991) . The coronal half of the JE, which intensively expressed cytokines, and cytokine-positive macrophages observed in a normal condition may play a role in the first defense against continuously invading irritants from gingival sulcus by their cytokine production. It has been reported that keratinocytes could constitutively produce proinflammatory cytokines, such as TNF-α, IL-1α, and IL-1β in vitro and these cytokines stimulated proliferation of keratinocytes via an autocrine pathway (Kupper et al. 1986; Dower et al. 1990; Hillmann et al. 1995) . In the bone tissue, it is known that TNF-α and IL-1 are also produced by osteoblasts and stimulate proliferation of osteoblasts in vitro (Frost et al. 1997) . Therefore, the small amount of these cytokines consistently produced in gingival epithelium and osteoblasts may also have an important role in the homeostasis of the periodontal tissues by regulating the proliferation of keratinocytes and osteoblasts.
Interestingly, in both of the untreated control animals and the LPS-treated experimental animals, the epithelial remnants of Malassez existing throughout the periodontal ligament showed intensive expression of IL-1. IL-1β may exert some critical effects in functions of this epithelium. Since it is known that IL-1β is involved in bone remodeling (Stashenko et al. 1987; Nguyen et al. 1991) , IL-1β constitutively produced by the epithelial remnants may have a role in keeping the width of the periodontal ligament space.
After application of LPS, not only fibroblasts, neutrophils, and macrophages in the gingival connective tissue, but also almost all the JE cells expressed TNF-α, IL-1α, and IL-1β. The cytokine-positive epithelial cells were also increased in OSE and OGE near the gingival sulcus. It is reported that colonic epithelial cells continuously exposed to pathogenic bacteria produced TNF-α in response to bacterial invasion, and the TNF-α could activate the inflammatory response in the intestinal mucosa by secondarily upregulated IL-8 and MCP-1 production from the epithelial cells (Jung et al. 1995) . In vitro studies demonstrated that oral keratinocytes produced IL-1β, TNF-α, IL-6 GM-CSF (Yamamoto et al. 1994) , and IL-8 (Tonetti 1997) . Moreover, TNF-α induced dose-dependent expression of IL-8 in cultured gingival keratinocytes (Tonetti 1997) . IL-8 and MCP-1 are prototypic members of the C-X-C and C-C families of chemokines and act as potent chemoattractants and activators of neutrophils and monocytes in vivo and in vitro (Oppenheim et al. 1991; Fitzgerald and Kreutzer 1995) . In this animal model, we previously reported that LPS caused infiltration of neutrophils into the JE and subjunctional epithelial areas (Ijuhin 1988) and transient accumulation of exudative macrophages in the subjunctional epithelial area with a peak at 2 days after the LPS application (Miyauchi et al. 1998 ). The present study shows that the JE cells may respond rapidly to LPS challenge and produce excessive amounts of TNF-α and IL-1. These cytokines may subsequently enhance chemokine production by the JE cells themselves. Thus, in addition to the infiltrating and resident cells in the gingival connective tissue, the JE cells may activate the recruitment of inflammatory cells by their cytokine production and may be responsible for initiation of periodontal inflammation.
Two days after LPS application, periodontal ligament fibroblasts were positively stained for TNF-α and IL-1. Both cytokines have numerous overlapping functions including mediation of inflammation, initiation of tissue destruction via inducing collagenase production by fibroblasts, and osteoclastic bone resorption (Page 1991; Howell 1996; Okada and Murakami 1998) . Moreover, IL-1 and TNF-α are known to stimulate IL-6 production and bone resorption synergistically (Passeri et al. 1994) . These proinflammatory cytokines secreted by fibroblasts in the periodontal ligament may play an important role in bone resorption and collagen degradation after LPS challenge.
In summary, constitutive cells as well as inflammatory cells in the periodontal tissues produced proinflammatory cytokines, TNF-α, IL-1α, and IL-1β at the LPS challenge. Especially, JE cells rapidly reacted to LPS stimulation and produced proinflammatory cytokines. These findings suggested that JE cells may play an important role in the first line of defense against LPS challenge and the proinflammatory cytokines transiently produced by various host cells may be involved in the initiation of inflammation and subsequent periodontal tissue destruction. However, there is a possibility that the positively stained cells include receptor-possessing cells showing internalization of a cytokine-receptor complex. Further studies using an in situ hybridization technique are required to clarify the cytokine-producing cells in periodontal tissues during LPS-induced periodontitis.
